4 that expression of the lysine 48 sor mutant gene hardly restored to a superoxide dismutase-deficient Escherichia coli mutant the ability to grow under aerobic conditions. Superoxide radical (O 2 .- ) is the univalent reduction product of molecular oxygen. It belongs to the group of the so-called toxic oxygen derivatives, which also include hydrogen peroxide and hydroxyl radicals (1) . For years the only enzymatic system known to catalyze the elimination of superoxide was the superoxide dismutase (SOD) 1 , which catalyzes dismutation of superoxide radical anions to hydrogen peroxide and molecular oxygen (2) Two classes of SOR have been described. The first one is a small protein found in anaerobic sulfate-reducing and microaerophilic bacteria, initially called desulfoferrodoxin (Dfx). It is a homodimer of 2x14kDa, which has been extensively studied (3, (5) (6) (7) (8) , and the protein from Desulfovibrio desulfuricans has been structurally characterized (9) . The monomer is organized in two protein domains. The N-terminal domain has a fold similar to that of desulforedoxin (10) and contains a mononuclear ferric iron, center I, coordinated by four 6 cysteines in a distorted rubredoxin-type center (9) . In the SOR from the microaerophilic bacteria Treponema pallidum only one of these cysteines is conserved and the N-terminal domain does not chelate iron (8) . The second domain of SOR contains a different mononuclear iron center, center II, consisting of an oxygen-stable ferrous iron with square-pyramidal coordination to four nitrogens from histidines as equatorial ligands and one sulfur from a cysteine as the axial ligand (9) . The midpoint redox potentials have been reported to be 2-4 mV for center I, and 90-240 mV for center II (6, 7) .
It has been demonstrated that the iron center II of SORs from
Desulfoarculus baarsii and Treponema pallidum is the active site as it reduces superoxide very efficiently, without significant SOD activity (3, 8) . A second order rate constant for the reaction of iron center II with superoxide has been determined to be 0.7-1x10 9 M -1 s -1 (3, 8) , a value comparable to the value of the rate constant determined for SODs (11, 12) . In addition, the active site of SOR is specific for O 2 .-since the reduced iron center II is not oxidized by O 2 and only very slowly by H 2 O 2 (3, 8) . How a reduced iron center II is regenerated for a second cycle with O 2 . - has not yet been clearly demonstrated and the electron donor to SOR remains to be identified.
Although SOR is not naturally present in E. coli it was demonstrated that expression of SORs from D. baarsii and T. pallidum in E. coli could totally replace the SOD enzymes to overcome a superoxide stress (8, 13) . That SOR 7 was an efficient antioxidant protein also in sulfate-reducing bacteria, its natural host, was further shown from the observation that a Desulfovibrio vulgaris Hildenborough mutant strain lacking the sor gene was very oxygen-sensitive during transient exposure to microaerophilic conditions (14) .
A second class of SOR has been characterized from the anaerobic archaeon, Pyrococcus furiosus (4). The homotetrameric protein presented strong homologies to neelaredoxin (Nlr), a small protein containing a single mononuclear center, earlier characterized from sulfate-reducing bacteria (15) .
Very recently, the three-dimensional structure of the P. furiosus SOR has been determined at high resolution (16) . The overall protein fold is similar to that of the iron center II domain of SOR from D. desulfuricans and the structure of the unique mononuclear iron center is similar to that of the iron center II.
Obviously, there is no rubredoxin-like center I domain in SOR from P. furiosus.
This again is consistent with the notion that center II is the active center.
Interestingly, the crystal structure of SOR from P. furiosus suggested that the sixth iron coordination site of center II might be occupied by a glutamate, strongly conserved among all the primary known sequences of SORs, only in the oxidized state. In the reduced form instead, this site is vacant or occupied by solvent molecules and is thus potentially accessible to O 2 .-(Scheme 1).
However, whether this observation was an artifact of crystallization or the manifestation of an important feature of the enzymatic mechanism of SOR 8 needs further investigation. In addition, the presence of a strictly conserved lysine residue, close to the vacant sixth iron-coordination site, suggests that this position may play a role in facilitating the binding of superoxide to the iron center (9, 16) (Scheme 1).
In this work, in order to learn more about the mechanism of action of SOR, we have studied the reaction of the enzyme from Desulfoarculus baarsii with superoxide by the mean of pulse radiolysis and site-directed mutagenesis.
Pulse radiolysis, which allows specific and quantitative production of superoxide, when coupled with spectrophotometric detection, is particularly
adapted to study such a reaction. We have found that during reaction of the iron center II with superoxide, at least two successive reaction intermediates are formed. Furthermore, the role of Glu47 and Lys48 which correspond to the Glu and Lys residues discussed above (Scheme 1) has been investigated by sitedirected mutagenesis and pulse radiolysis. Only Lys48 seems to play an important role for catalysis. 
MATERIALS AND METHODS

Materials
This radical is obtained in pure form in less than one microsecond (20) .
Unless otherwise stated, samples to be irradiated were made up in 10 mM
Tris/HCl buffer, pH 7.6, 100 mM sodium formate, and saturated with pure O 2 .
The doses per pulse were ca. In the oxidized Glu47Ala mutant (Fig. 1C) , the absorption band specific for center II was even more blue-shifted ( max = 580 nm). Lys48Ile mutants, respectively, in the absence or in the presence of different amounts of SOD (Fig. 2) . As shown in Fig. 2A (3)), suggesting that the Glu47Ala mutation has almost no effect on the reaction of SOR with O 2 .-.
In 
Complementation of E. coli SOD-deficient strains by Glu47Ala and
Lys48Ile mutant forms of SOR . The ability of the SOR mutated proteins to complement E. coli SOD deficiency was tested as described in (13) . The E. coli sodA sodB recA mutant cannot grow in the presence of oxygen because of the combined lack of superoxide dismutase activity (sodA sodB) and the DNA strand break repair activity (recA) that results in lethal DNA oxidative damage (22, 23) . As shown in Table I , the production of the Glu47Ala mutated SOR protein restored aerobic growth of sodA sodB recA mutant with nearly the same efficiency as that of the wild-type SOR protein.
In contrast, production of the Lys48Ile SOR mutated protein did not permit colony formation after 24 h.
However colonies appeared after further incubation, reaching normal size only after 72 h. Furthermore, less than 20% of anaerobically growing bacteria producing the mutated SOR were able to grow aerobically, compared to 70% of those producing wild type SOR. This indicates that production of Lys48Ile SOR can compensate for the SOD deficiency, but with much less efficiency than wild-type and Glu 47Ala SOR forms.
Pulse radiolysis experiments and observation of reaction intermediates.
In order to study the reaction of SOR wild-type or mutant proteins with All traces between 450 and 700 nm can be described as the sum of two exponential processes, both independent of the protein concentration at all wavelengths investigated. These processes have rate constants of 500±50 s -1 and 25±5 s -1 , respectively. Unfortunately, the final absorbances could not be 21 determined because of the lamp instability after about 0.1 s and the reaction could not be further investigated after about 35 ms reaction time.
The spectrum of the second intermediate species formed at a rate of 500 s -1 at its maximum concentration is shown on Fig. 5 . It exhibited a spectrum with a sharp band centered at 630 nm (Fig. 4) . When compared with the previous intermediate formed after 50 µs reaction (Fig. 4) (Fig. 6) and was found roughly comparable to the spectrum of the second intermediate in the case of the wild-type SOR. However, for the former, a smaller extinction coefficient value for the peak at 630 nm and a more visible shoulder at 570 nm were observed.
iii) Reaction of the mutant Lys48Ile mutant SOR with superoxide. In the case of the Lys48Ile mutant, at all the wavelengths observed between 475 and 700 nm, the initial absorbance changes occurred much more slowly. Fig. 7 shows a representative trace of the time-dependent absorbance change at 600
nm. All kinetic traces between 475 and 700 nm could be described by the sum of 23 two exponential processes, with a maximum of absorbances at all wavelengths obtained 1 ms after the pulse. broad band centered at 600 nm without any shoulder (Fig. 8) . It differs clearly from that found for the wild-type SOR (Fig. 4) . This species then underwent a transformation, which seems to be complete about 10 ms after the pulse. The rate constant of this transformation did not depend on the protein concentration and was found to be 300±30 s -1 . The reconstituted absorption spectrum, 10 ms after the pulse, is shown on Fig. 8 . It is comparable to the spectrum of the 1 ms intermediate, albeit with a smaller intensity and a significant red shift from 600 nm to about 615 nm for the  max . It is followed by a much slower transformation which however is difficult to follow with our device (data not shown). The final absorbances were then measured on a UV-visible spectrophotometer, when the reaction was completed. The difference spectrum (pulse radiolysis treated SOR minus initial SOR) was consistent with the oxidation of the iron center II with O 2 .-generated by pulse radiolysis, plus an oxidation with H 2 O 2 , coming from superoxide reduction and from its radiolytic formation (data not shown). 24 
DISCUSSION
In the present work, we have investigated the reaction of SOR from D.
baarsii with superoxide by pulse radiolysis experiments. Pulse radiolysis is one of the rare techniques that allow instantaneous and specific production of superoxide, in a dose-controlled manner, and is then particularly appropriate to study the reaction of SOR. The reaction was followed spectrophotometrically in the 450-750 nm region, since the active site of SOR, the iron center II, exhibits one absorption band at 644 nm in its oxidized redox state, assigned to a cysteinyl ligand to iron (III) charge transfer transition (7).
The data presented here are consistent with a very fast bi-molecular reaction of iron center II with superoxide, with a second order rate constant of about 1 x 10 9 M -1 s -1 , followed by the formation of two successive transient intermediate species, with spectral absorbances in the 500-750 nm range. The rate constants for the formation and disappearance of the two intermediates are summarized in Table II . Unfortunately, because of the lamp instability of the apparatus, we were not able to investigate the last part of the reaction, which
gives the final product of the reaction, i.e. the oxidized iron center II of SOR and In order to get deeper insight into the mechanism of SOR, we have investigated the role of two amino-acid residues, Glu47 and Lys48. The two available three-dimensional structures of SORs from Desulfovibrio desulfuricans (9) and Pyrococcus furiosus (16) show that the two residues homologous to Glu47 and Lys48 in the case of D. baarsii are the charged residues closest to the sixth free coordination position of the iron center II and 27 thus are potentially important for catalysis (Scheme 1). In order to evaluate the importance of these residues, we have changed Glu47 and Lys48 into Ala and Ile, respectively. The purified mutant proteins were correctly folded and fully metallated. They were both reactive towards superoxide, allowing comparison to the wild-type SOR.
The reactivity of the Glu47Ala mutant with regard to superoxide is similar to that of the wild-type protein.
As shown by pulse radiolysis experiments, the two observed intermediate species were characterized with formation rate constants and visible spectra comparable to those observed in the case of the wild-type SOR (Table II) . This suggests that Glu47 does not participate to the first steps of the reaction. Accordingly, from the three-dimensional structure of The Lys48Ile SOR mutant exhibits a 20-fold smaller second order rate constant for the reaction with superoxide with regard to the wild-type protein when measured by steady-state kinetics (Table II) . During pulse radiolysis experiments, two intermediates species were also observed, as in the case of the wild-type SOR. However, the second order rate constant for the formation of the first species is 30 times lower than the corresponding value found for the wildtype protein (Table II) . This is in line with the value determined from the steadystate kinetics. and 10 ms () after the pulse.
